For eight strains of Serratia marcescens, increased cell concentrations were found in aerosols produced from bursting bubbles, with concentrations ranging from a maximum of ca. 80 times the bulk concentration for pigmented strains 4180, 933, and 274 to a minimum approximately equal to the bulk concentration for nonpigmented strain 8100. The increased cell concentration in the aerosol was suppressed when pigmented strains were grown at 37°C, a temperature at which the pigment prodigiosin is not synthesized, resulting in lower concentrations similar to those of nonpigmented strains. Strains that produce higher concentrations of prodigiosin after 1, 2, 4, and 8 days of growth show increasing concentrations in bubble-produced drops; duplicate cultures grown at 37°C did not show any increases. In four concurrent experiments, cells starved for 24 h showed greater concentrations than nonstarved cells for chromogenic strain NIMA, whereas for nonchromogenic strain WF, starved cells showed greater concentrations in three cases and a decreased concentration in the fourth. Bacterial concentrations in aerosol drops from bursting bubbles appear to be predominantly influenced by the surface condition of the bacterial cell.
Enrichment of bacteria and viruses has been found in aerosols produced from bursting bubbles (1, 2, 5, 11, 13, 17, 26) . A measure of this enrichment is the enrichment factor (EF), the ratio of the concentration in the aerosol to the concentration in the bulk water that produced the aerosol (CB). An EF of 1.0 means no enrichment, with the CB equal to the concentration in the aerosol water. EFs of bacteria in drops from bursting bubbles have been shown to be as high as a few hundred to a few thousand but can vary with cell type and environment (5, 13, 17, 26) . The factors controlling the enrichment process include the collection, adsorption, and entrainment of particulates to rising bubbles (6, 7, 12, 31) and the mechanism of drop formation from bursting bubbles (3, 21, 29) .
Although bacterial enrichments in jet drops from bursting bubbles have been found by many observers, no attempt at isolating, controlling, or defining the dominant characteristic of a cell strain that determines enrichment has been made.
Variations in the enrichment in jet drops have been observed, even for the same species and during an individual experiment. Blanchard and Syzdek (10) , using the bacterium Serratia marcescens, found that highly pigmented cells were greatly enriched over less pigmented cells, whereas nonpigmented cells had very low enrichments. An increase in enrichment as the duration of cell starvation increased was also documented (10) . In recent experiments, S. R. Burger (in our laboratory and in continued work at Tulane) found drop enrichments of <1.0 for the nonpigmented S. marcescens type 8100. Other studies of Hermansson et al. (18, 19) show that pigmentation is related to the hydrophobic nature of the cell surface, which in turn plays an important role in the adsorption of Serratia strains to air-water interfaces.
Williams and co-workers pioneered studies on the pigment prodigiosin and on the temperature control of its production in S. marcescens (32) (33) (34) (35) . Cultures incubated at 24 to 28°C produced the maximum amount of prodigiosin. Incubation at temperatures above 32°C produced cells in which prodigiosin biosynthesis was suspended but cell growth was maintained (28) . These results suggested a relatively simple way of determining whether pigment production and drop enrichment were related.
More recently, Kjelleberg et al. (22) reported that starvation affects the size and condition of the bacterial cell at the air-water interface and suggested that cell wall hydrophobicity increases with starvation. It would therefore be expected that starved cells would show a greater enrichment in drops from bursting bubbles.
Investigations were undertaken to examine the effects on jet drop enrichment of various S. marcescens Starved cells were prepared by pelleting 9 ml of an overnight culture as described above and resuspending the pellet in 500 ml of DDW. After 24 h of incubation at room temperature, 500 ml of DDW was added and mixed for 15 min before the suspension was used in the experiment. Nonstarved cells were pelleted directly from a 24-h culture and resuspended in 1 liter, as described above. These cells were captured in the uppermost jet drops within 20 to 50 min after the pellet was resuspended. Starved cells were captured in drops within the same time after the 500-ml suspension was made up to 1 liter. The experiments with both types of cells were completed within 1 h after preparation of the suspension for the bubbling tube. The incubation temperatures for nonstarved and starved cells were 27 and ca. 20°C, respectively.
Surface overflow at the air-water surface was maintained at 35 to 40 ml min-' with a peristaltic pump. Fresh bulk suspension was supplied continuously and the overflow water was discarded. At the beginning of each experiment, the surface microlayer was removed with a clean paper towel drawn over the surface (30) .
Bubble production. 
RESULTS
The drop enrichment for eight strains of S. marcescens incubated for up to 8 days is shown in Fig. 1 Each experiment with the nonstarved and starved cells of NIMA and WF was independently conducted. There was no correlation between EF ratios for pigmented and nonpigmented strains between experiments, only within each experiment. In the first experiment the starved-to-nonstarved EF ratio for nonpigmented cells (WF; R = 6) was higher than the ratio for pigmented cells (NIMA; R = 1.4), and in the second the reverse was found (2.1 and 6.2, respectively). The mean starved-to-nonstarved EF ratios for both NIMA and WF were about the same, 3.9 and 3.2. If the data from the last experiment are omitted, the average ratios would still be within 15% of each other at 3.7 and 4.2, respectively. Both cell strains showed great variability between experiments for both the starved and nonstarved cell cultures. The result of cell starvation seems to increase drop EF even in nonpigmented cell strains.
DISCUSSION
The experiments reported here were designed to minimize the influence of extraneous organic constituents found in natural water systems. They were further controlled by the use of resuspended axenic cultures in DDW, minimal cell starvation time (except for the starvation experiments), and bubbles in the 600-to 700-,um diameter range with sufficient bubble rise distance to show increased drag resistance if organics were adsorbed. Drop heights and diameters were also monitored to ensure uniform conditions throughout the experiments (4). With these precautions and the elimination of environmental organic materials, it was hoped that a clearer understanding of the drop enrichment as a function of nonchromogenic and chromogenic strains of S. marcescens would be obtained.
Bulk cell suspensions were unadjusted for normalizing concentrations to minimize organic contamination and to allow comparisons with previous experiments (10). Unbuffered suspensions in DDW were used, despite their inherent problems, to minimize the salt content of the suspension medium. It is obvious that osmotic changes due to suspension of cells in distilled water will cause cells to die off, but this was unavoidable if salts were to be kept to a minimum, as a small change in salinity would mask variations in the EF being observed. Identical handling of each culture within the same time frame created uniform conditions of stress. If concentrations of dead cells and their lysed contents influenced the resultant EF, this was not seen from the data. Pigmented cells grown for 4 and 8 days had more than a 70% decrease in CB, with less than a 15% increase in EF. Conversely, for nonpigmented strains a 20 to 30% decrease in CB with culture age resulted in more than a 50% increase in EF. Previous experiments (in which individual cultures of pigmented cells of high EF and nonpigmented cells of low The increase in EF with culture age (Fig. 2) seems to follow the increase in prodigiosin with culture age, the latter seen by Williams et al. (32, 35) . Here NIMA cells were grown at the optimum temperature for pigment production for up to 8 days with EF increasing to day 4 and remaining high through day 8. Prodigiosin concentration increases in a similar manner. Prodigiosin may be bound in the outer membrane of the cell (27) (10) . They do not take into account surface morphology changes incurred by the starvation process (16, 20, 22, 24) . Therefore, factors other than pigmentation cause drop enrichment and may explain the variation in EF for a given strain.
Strains that have high drop EFs would be expected to attach to and concentrate on rising bubbles and at the bulk air-water interface. Fattom and Shilo (16) showed the importance of hydrophobic cell envelopes for adhesion in benthic cyanobacteria. Dahlback et al. (14) have found a correlation between air-water interfacial concentrations of bacteria in the open ocean and their hydrophobicity. Evidence for hydrophobicity of S. marcescens enrichment in the bulk surface microlayer has been found by Kjelleberg et al. (23) , Dahlback et al. (14) , and Syzdek (30) , and in the bubble microlayer by Blanchard and Syzdek (7) . The relative hydrophobicity of the cell strains 8100 and OF to that of NIMA, 274, and 933 has not been determined. EF may increase with increasing cell hydrophobicity. The cells of strain 8100, which have a low drop EF, probably are much less hydrophobic than those of strains 274 and 933.
Enrichment of S. marcescens in drops produced by bursting bubbles appears to be dependent upon the strain and its pigment production characteristics. Whether this holds true in natural organic-ladened waters remains for future work. The concentration of cations and their influence on the expression of cell hydrophobicity (16) may modify the adsorption of cells to interfaces and their enrichment in drops. We know that the addition of salts and the use of natural waters for the same strains increases the resultant drop EF over those seen here in DDW.
It should be noted that the enrichment of cells in the jet drops is the result of a complex chain of events starting with, but not limited to, the dynamics of cell surface chemistry and the forces of surface interfacial adhesion. Knowledge of the interaction of the surfaces of the cells with the air-water interface will increase our understanding of the dynamics of hydroplanktonic communities and their enrichment at the sea surface and in the naturally produced ocean aerosol.
